Realization of a short bunch beam by manipulating the longitudinal phase space distribution with a finite longitudinal dispersion following an off-crest acceleration is a widely used technique. The technique was applied in a compact test accelerator of an energy-recovery linac scheme for compressing the bunch length at the return loop. A diagnostic system utilizing coherent transition radiation was developed for the beam tuning and for estimating the bunch length. By scanning the beam parameters, we experimentally found the best condition for the bunch compression. The RMS bunch length of 250±50 fs was obtained at a bunch charge of 2 pC. This result confirmed the design and the tuning procedure of the bunch compression operation for the future energy-recovery linac (ERL).
Introduction
The short pulse electron bunch produced by an accelerator is applied in a variety of applications. For example, the electron pulse itself [1] or the short pulse X-ray produced by synchrotron radiation from the electrons is useful for time-resolved observation of fast phenomena. The short and intense X-ray pulse recently available in free electron lasers (FEL) [2] [3] is the most advanced source in the field. The coherent radiation in the terahertz (THz) frequency range produced by a structure in a bunch shorter than the wavelength is expected to be useful in the field of molecular structure analysis. Such an accelerator-driven THz source achieves the highest power in the frequency range among all the schemes [4] [5] .
Compared with storage-ring-based accelerators, where the bunch length is determined by the equilibrium condition of the ring, linac-based single-path accelerators have an advantage in realizing a short bunch length. In a typical linac system, the beam at the electron gun and the low-energy section is designed to have a relatively long bunch duration to suppress the space-charge force. It is compressed in several stages of the bunch compression system designed along the acceleration to achieve a short bunch at the end. The performance of the bunch compression system is key to achieving a short bunch in a linac system.
A conventional linac, however, has a limitation with respect to the average beam power because the operational pulse repetition is limited due to the energy efficiency. An energy-recovery linac (ERL) scheme with superconducting rf cavities has opened the possibility of high-beam-power operation with a linacbased accelerator [6] . The short bunched beam at a high average power, which is available only from an ERL, is necessary for future light sources such as a high power FEL.
In KEK, we have constructed a test ERL accelerator, the compact ERL (cERL [7] ), for the development of a future larger-scale ERL facility. It contains many of the key components of the ERL accelerator. The validation of the design of hardware components and problems in beam dynamics, including the procedure for beam commissioning, will be performed during operation of the test accelerator. Because the beam optics design of the cERL is considered to be scalable to a larger machine, the common problems in the beam tuning can be tested. In particular, the bunch compression scheme utilizing the arc section is an important test item in the cERL.
In order to tune the beam for bunch compression, a bunch length diagnostics is necessary. Many types of bunch length monitors have been studied in various accelerator laboratories. The most direct and reliable one is the RF deflector system. It uses the time-varying field of an RF cavity to project the time structure of the bunch into a transverse space. However, for an ERL accelerator targeting operation of a high current beam, installation of an RF structure is not realistic. An electro-optical method that samples the electric field moving with the bunch can also be regarded as a direct measurement. However the strength of the electric field is too low in our case of a low bunch charge. An indirect method to observe the spectrum of a coherent radiation has been widely used.
Although some ambiguities remain in the bunch shape due to the limitation in the detection range of the spectrum, it is a handy method to use. Several coherent radiation mechanisms can be used for the measurement. Coherent synchrotron radiation (CSR) from a bunched electrons in a bending magnet can be used without disturbing the beam, and hence it can be applied in a highcurrent accelerator. However, as a bunch length monitor, it has ambiguities in the source point and source size because the source point of CSR is in a bending magnet. Coherent transition radiation (CTR) produced by inserting a target at a straight section is suitable for our beam diagnostics. We have developed a bunch length monitor utilizing CTR.
In this paper, we report the first bunch compression study to confirm the beam tuning procedure of the cERL conducted at a relatively low bunch charge neglecting collective effects.
Principle

Principle of bunch compression system
The bunch length compression is achieved by manipulating the bunch in the longitudinal phase space using an off-crest acceleration and a non-zero longitudinal dispersion [8] [9] [10] [11] . Here, we consider a situation where the initial beam energy is E i , which is further accelerated up to E f using an RF accelerator set to be off-crest. The development of the beam volume in the phase space is explained in Fig.1. (a) shows the initial distribution. We express the RMS spread in the longitudinal position, i.e., the bunch length, as σ i z , and the RMS spread in the energy as σ i ∆E/E . We assume a simple case with no corre-lation between the longitudinal position and energy. The energy gain of an RF acceleration field can be written as
where f RF is the frequency of the RF, and φ RF is the acceleration phase relative to the maximum acceleration phase. z is the longitudinal position of the bunch with respect to the bunch center. A positive/negative z denotes the head/tail of the bunch. We consider the average energy gain of the RF field to be fixed while φ RF is changed. The phase space after the acceleration is shown in (b).
The energy spread after the acceleration is σ Figure 1 : Phase space in the bunch compression. The timing of the bunch is set at a shifted phase from the maximum acceleration. The initial bunch (a) having long duration but small energy spread is converted to a bunch having (c) short duration but large energy spread.
CTR
When a relativistic charged particle crosses the boundary between two media, transition radiation (TR) is emitted in both forward and backward directions [12] . The spectral and spatial radiation energy of the far field for the backward TR when an electron is incident normally on an infinite metal surface is given by the "Ginzburg-Frank" formula [13] as
where θ is the angle against the backward direction, β is the velocity of the electron normalized by the speed of light c, ǫ 0 is the permittivity of vacuum.
The radiation intensity vanishes at θ = 0, and it has the maximum value at θ ∼ 1/γ, where γ is the Lorentz factor. As seen in Eq. 6, it does not depend on the frequency ω. Due to this characteristic of spectrum uniformity up to the plasma frequency of the target material, TR is useful for measuring the radiation spectrum originating only from the longitudinal bunch shape.
When a bunch consisting of N electrons emits radiation by TR or any other mechanism of radiation, the power is
where ω is the angular frequency of the radiation. P 0 is the power emitted in the case of a single electron. For TR, P 0 does not depend on ω. f (ω) is called a bunch form factor, which is basically the Fourier conversion of the bunch shape:
where ρ is the normalized charge density distribution, andρ is its Fourier conversion. The first and second terms of Eq. 7 represent the incoherent and coherent parts of the radiation, respectively. When the bunch length is shorter than the wavelength, the form factor increases to approach 1, and the coherent part dominates the power due to the N 2 dependence. Because the form factor in the THz spectrum component is sensitive to the longitudinal bunch structure in the submillimeter scale, it can serve as a reference to estimate the bunch length of interest to us.
Principle of bunch length measurement
Bunch length measurement by using an interferometer system of coherent radiation has been established in many accelerator laboratories [14] [15][16] [17] .
The principle of this method is to measure the radiation spectrum from the autocorrelation of the radiation amplitude.
From Eq. 7, the power spectrum of coherent radiation can be written as
Here we consider an interferometer system that splits the signal in two and recombines them with a time delay of τ . The recombined amplitude becomes
and the power can be written as
When we detect the signal with a wideband detector that integrates the power of the whole spectrum, the signal as a function of the delay is
Ignoring the constant term, it corresponds to the autocorrelation of the charge distribution.
For example, when the bunch has a Gaussian shape of RMS length σ t as
the signal observed at the interferometer is
By scanning the delay τ of the interferometer, the bunch length can be obtained from the width of the signal shape.
In a practical setup of the interferometer, there always are low-and highfrequency cutoffs in the system due to the sensitivity range of the detector and the transferring optics. A simple way to include the effect of the low-frequency cutoff is to introduce an empirical function of a Gaussian filter:
where 1/ξ characterizes the cutoff frequency [15] [17] . By including the effect of the filter function, the signal of the interferometer is modified as follows:
On the other hand, the high-frequency cutoff gives the same effect as the spectrum limit due to the intrinsic bunch length. It is difficult to separate the effect from the signal. The system has to have a wider spectrum bandwidth compared with the bunch length to be measured.
Experimental setup
Accelerator and the bunch compression scheme
We briefly describe the accelerator used in our experiment; a detailed description can be found elsewhere [7] . Figure Because this setting minimizes the energy spread in the return loop, it has an advantage for beam loss reduction in the beam transport and stable operation of a high-current beam. On the other hand, in this study on bunch compression, the acceleration phase was set to be off-crest, which increased the energy spread, and so more careful beam tuning would be required. We are still on the way in increasing the beam power in the operation.
The machine parameters have been changing depending on the priority of various study items scheduled in the operational period. The parameters used in this experiment are summarized in Table 1 . The settings of the injector, especially the phase and amplitude of the three cavities, were optimized for a bunch charge of 40 pC, the typical value in this operational period, to realize low emittance and a short pulse at the input of the main linac. As the first step of the bunch compression study, the bunch charge was decreased to 2 pC to eliminate complicated collective effects such as the space charge and the coherent synchrotron radiation kick. Adding the gun voltage of 400 kV and the acceleration in the cavities of 4.2 MV, the kinetic energy of the injector was obtained as 4.6 MeV. The two cavities of the main linac can be controlled individually. The accelerating gradient was not balanced in this operation.
The upstream cavity, ML1, operated at 5.0 MV/cav. The RF phase was set for maximizing acceleration, i.e., on the crest, and was fixed during this experiment.
The downstream cavity, ML2, operated at 7.5 MV/cav. The RF phase was set on the crest initially and was varied for the bunch compression. When the phase was varied, the amplitude of ML2 was adjusted at the same time to maintain the beam energy. 
∼0.6 ps
The energy recovery is necessary for operating the beam at high current continuous mode. For beam diagnostics, however, the beam does not reach the deceleration path because it is stopped at screen monitors or the tuning dump at the return loop. In such cases of energy nonrecovering operation, the beam power has to be limited so as not to affect the acceleration gain due to beam loading in the main linac. We operated in a special mode, burst mode, for beam diagnostics. In this mode, the beam arrives in a short macro-pulse of the bunch train. In this experiment, the fundamental bunch repetition was 162.5 MHz, which is 1/8 sub-harmonics of the cavity RF frequency of 1.3 GHz, and the macro-pulse duration was set to 0.2 µs. This macro-pulse repeated at 5 Hz. The short bunch beam at the return loop is realized by the bunch compression scheme utilizing the first arc section. The arc section consists of four 45-degrees bending magnets, six quadrupoles, and two sextupoles. The beam optics of the arc section is shown in Fig.3 . The linear optics is designed to be mirror symmetric about the center of the arc. The nominal optics is designed to satisfy both the achromat and isochronous (R 56 to be zero) conditions. It can also be changed to the non-isochronous condition while retaining the achromat condition. By changing the quadrupole magnets in a fixed ratio, i.e., ∆Q1 : ∆Q2 : ∆Q3 = ∆Q6 : ∆Q5 : ∆Q4 = 1 : −2 : 0, the dispersion condition can be tuned while retaining the achromat condition.
In the case of our arc section, R 56 has a simple relation described only by R 56 can be estimated from the dispersion measurement of the arc center.
Two sextupole magnets (SX1 and SX2) are installed in the arc section to correct a nonlinear term of the longitudinal dispersion. One of the SXs, SX1, which is located between Q2 and Q3 was used in this experiment. The SX was turned off at first and then scanned to experimentally survey the optimum condition for bunch compression.
Bunch length monitor
In order to measure the bunch length in the straight section downstream of the arc section, an extraction port for the CTR was prepared. In order A simple intensity measurement of CTR without an interferometer is useful in beam tuning. Before entering the interferometer, a mirror for switching the optical path can be inserted. The radiation in the switched path is focused by an OAP and measured by a diode detector. We used a detector with frequency range 330 GHz to 500 GHz, WR-2.2ZBD, which is a product of Virginia Diodes Inc, in this experiment.
Results
Beam optics measurements
Beam optics, especially the dispersion function, of the arc section is critically The acceleration RF phase of the main linac was confirmed by the beam energy measurement. The screen monitor located after the first bending magnet further correct the effects in higher orders, the strength of the sextupole magnet was scanned referring to the CTR strength also as shown in Fig.7 (bottom) . The scans of R 56 and the sextupole were repeated iteratively to find the condition that produced the strongest CTR.
Interferometer measurement and analysis
After the establishment of the best condition for the bunch compression by using the CTR intensity measurements, we carried out the CTR spectrum measurement using the interferometer. First, the QOD mounted on a movable stage was used for checking the optical alignment of the interferometer. The profile of the radiation at the position of the detector was checked for each path of the interferometer by utilizing the absorber to block one of the paths. The detector was then switched to the bolometer. The detector signal was recorded while changing the optical length of the scanning path in 32 µm steps. To validate the visibility of the interferogram, measurements for the signal intensity of each single path and for the signal pedestal by blocking both paths were also carried out.
An example of the interferometer signal is shown in Fig.8 (top) . Because the overall constant does not include information on the bunch length, the baseline is adjusted to zero. Each data point shows the average value of multiple measurements at the same step of the scan. The data were fitted by a function of the filtered model:
with five free parameters. A is the overall scale factor, σ t is the bunch length, τ 0 is the center of the interferogram, and ξ is the low-frequency cutoff timescale.
b is the baseline offset. The fitting result is shown in the plot. The σ t and its error estimated from the overall fitting were used as the result of the bunch length. An asymmetry was found in the interferogram. The systematic effects due to the disagreements from the model function, including the effects of the asymmetry, have to be taken care for estimating the error. An empirical scaling was applied to the statistical error of each data for the reduced-χ 2 of the fitting to be unity. This procedure included the systematic error in the results.
The original autocorrelation without the effects of low-frequency cutoff can be reconstructed by replacing ξ with infinity. The reconstructed data is also shown in Fig.8 (top) .
The spectrum of the radiation is obtained by Fourier transformation of the interferogram. Fig.8 (bottom) shows the spectrum calculated in three ways from the same data: the direct transformation from the data points, the transformation from the fitted function, and the transformation from the reconstructed function. Basically the three approaches agree with each other.
The bunch compression factor depends on the off-crest phase first set to the main linac. We carried out the tuning and measurement procedure at several settings of ML2, namely, at 0, +8, +12, and +16 degrees. In our definition, a positive phase means a higher energy gain at the head part of the bunch. The data were taken on three different days of beam operation, namely, March 28, 30, and 31 of 2017. The best tuned cases after applying both the R 56 scan and the SX scan were measured. To check the effect of the sextupole magnet, measurements were also taken with the sextupole magnet turned off from the best-tuned cases. The results are summarized in Fig.9 . The off-crest phase of +12 degrees was found to be the best. The obtained RMS bunch length was 250 ± 50 fs at the best condition.
Discussion
In order to understand the experimental condition, we performed a particle tracking simulation starting from the gun to the CTR target. Because the mechanism that dominates the beam dynamics varies depending on the beam energy, the beam line was divided into two sections, and different simulation codes were used for each section. The switching point of the simulation codes is shown in Fig.2 . The first section, starting from the gun to the entrance of the main linac where the beam energy was low and thus necessitating a spacecharge-dominated calculation, was calculated using GPT [18] . Transferring the particle data at the output of the first section as the input, the following section from the main linac to the CTR target was calculated using ELEGANT [19] .
ELEGANT does not include space-charge calculation; instead, it takes much less time for calculating a long beam line than GPT and is convenient for repeating the calculation to optimize the beam optics. We note that there still remains the effect of the space-charge in our case of the low-energy beam. In particular, the short section from the entrance of the main linac module to the location of the cavities where we did not include the space-charge calculation might have a non-negligible effect.
The parameters in the injector, for example, the bunch charge, the electron distribution on the gun cathode, and the amplitudes and phases of the injector cavities were set according to the experimental conditions. The phase and amplitude of the main linacs were set using the same procedure that we employed in the experiment, and the phase origin was determined by finding the maximum acceleration phase. The combined knob for the R 56 adjustment and the sextupole magnet was included in the beam optics as we did in the experiment.
The particle distribution at the CTR target was the output of the simulation. In the bunch compression optimization, the RMS bunch length at the CTR target was the parameter to minimize. In the beam tuning for bunch compression, we used the CTR intensity monitor, which senses the frequency range 330 to 500 GHz as the reference. However, for a bunch length shorter than 100 fs, the most important range should be higher than 1 THz. If the bunch shape was different from a simple Gaussian, the spectrum component at a higher frequency could behave differently.
By using a detector for a higher frequency, the best-tuned condition might be shifted, and a shorter bunch length might be measured. This possibility should be tested in a future beam operation.
We considered the possibility that the measured bunch length was limited by the measurement system. One important thing to be checked is the effect of the transverse beam size [20] . Although the spectrum can be determined by the three-dimensional shape of the bunch, we assumed that the effect of the transverse beam size can be neglected. The typical transverse RMS beam size on the CTR target was 0.4 mm. In our parameter, the form factor determined by the transverse beam size is calculated as 0.98 at 1 THz, and it decreases to 0.8 at 3 THz. Although this effect can limit the measurement at a bunch length of approximately 50 fs, the effect on the spectrum obtained in this experiment seems negligible.
As discussed in Sec.2.3, a high-frequency cutoff in the system can limit the measured bunch length. Not only the detector sensitivity, but also the cutoff in the transferring path is important. The most questionable element in the system was the vacuum window made of quartz. The transmission characteristics of this window in THz range was not well understood. If it has a sharp cutoff at approximately 1 THz, it can limit the measurement.
This experiment was performed at a relatively low bunch charge of 2 pC as the first step. For many applications, a higher bunch charge of more than 100 pC is required. Here, we note that there are many issues to consider in increasing the bunch charge. A careful management of the space-charge effects becomes important, especially in the injector section, and they can affect the beam parameter at the input of the bunch compression system. The charge density increases after the bunch compression, and the effect of the space-charge may need to be considered in the return loop, especially for our case of relatively low beam energy. CSR from the bunch in the bending magnets can impart a strong kick on the same bunch both in the longitudinal and transverse directions.
It can increase the beam emittance and bunch length. The CSR effects can be severe, especially for the compact and low-energy case, which is our case.
Continuing the experiments at an increased bunch charge is critically important for our next step.
Management of beam halo can be an important issue in a high average current operation. In particular, in the off-crest acceleration of the bunch compression, the longitudinal halo can produce a large energy tail that is difficult to control. Several ideas have been proposed for halo management. For example, improvement of the temporal response of the photo cathode of the gun so that the original bunch tail is reduced, cutting out the halo at the injector with a collimator system, and folding the halo with nonlinear beam optics. Halo management will be tested when the beam current is increased.
This experiment was performed by stopping the beam at the CTR target without energy recovery. To realize a high average current beam, energy recovery is necessary. In the bunch compression scheme described in this paper, the beam in the return loop has a large energy spread due to the off-crest acceleration. When decelerating and transporting the beam to the dump, it is necessary to decrease the energy spread. The second arc can be used for bunch decompression in a similar way as the first arc was used for the bunch compression. By controlling the R 56 of the second arc, the bunch can be decompressed while having an energy chirp. By decelerating the beam at an off-crest phase, the beam energy and energy spread can be recovered at the initial condition. A test of the bunch decompression scheme is planned in the next step.
Conclusion
A test accelerator for a future large-scale ERL, cERL has been constructed.
In order to realize a short bunch beam at the return loop, an operating mode for bunch compression has been proposed. By adjusting the non-zero R 56 in the arc section for the energy-chirped bunch introduced by the off-crest acceleration of the main linac, the bunch from the injector can be compressed to sub-picosecond. For performing the fine tuning, a bunch length monitor was necessary at downstream of the arc section. We have developed a diagnostic system using CTR. Because the intensity of CTR is sensitive to the bunch length, we tuned the beam optics in the arc section for maximizing the CTR intensity.
By measuring the autocorrelation interferogram of the CTR, the RMS bunch length was measured to be 250±50 fs at the off-crest phase of 12 degrees set for ML2. Although the achieved bunch length is somewhat larger compared to that from the simulation, we confirmed that the tuning procedure worked well. This test is intended as a first step to check the scheme at a low bunch charge of 2 pC without energy recovery. For the next step, we plan to increase the bunch charge and operate in energy-recovery mode. The short bunch beam at a high average current will be useful to produce coherent radiation in the THz spectrum range. Such a THz source has been proposed as one of the applications of cERL. Off-crest: +12 deg. Distribution at the CTR monitor. The best-tuned case for +12 degrees off-crest condition.
